1. Introduction {#sec1}
===============

The development of drug delivery platforms have been accelerated based on the idea of combining both of the targeting ligands and the imaging/therapeutic agents into a single platform \[[@bib1], [@bib2], [@bib3], [@bib4]\]. While some advancements have been made thus far in the area of cancer diagnosis and treatment \[[@bib2],[@bib3],[@bib5]\], little progress has been made in developing theranostic platforms for inflammatory diseases which was the goal of this investigation.

A number of pretargeting systems for theranostic cancer treatment have been reported in the literature so far \[[@bib6], [@bib7], [@bib8], [@bib9]\]. Two-step processes were broadly employed in those systems. Briefly, the first step was to direct the accumulation of an imaging/pretargeting agent at the disease site. Then, the second step was to deliver the therapeutic agent to the diseased tissue by interacting with the pretargeting agent \[[@bib10], [@bib11], [@bib12]\]. For instance, radiolabeled monoclonal antibodies (mAbs) and radio-immuniconjugates had been combined and reported as a pretargeting platform for cancer diagnosis and treatment \[[@bib7],[@bib13]\]. Those reports have shown that the pretargeting strategy with a radio-immunodetection (RID) agent and radio-immunotherapeutic (RIT) agent had a much higher tumor specificity (tumor/non-tumor (T/NT) ratio) than the conventional approach. The benefits of this pretargeting strategy include minimal exposure of normal tissues to therapeutic agents and less hematological toxicity \[[@bib14]\]. Although those efficient benefits have been applied on tumor detection/treatment, such an approach has not been investigated for theranostic inflammatory disease treatment.

Non-covalent affinity interactions are the most common pretargeting strategy \[[@bib15],[@bib16]\]. Amongst non-covalent binding systems, avidin/biotin system has been widely studied because it is one of the strongest non-covalent bonds (dissociation constant:10^−15^ M), with the avidin protein having multiple binding sites of biotin \[[@bib15],[@bib17]\]. In fact, the avidin/biotin system has been extensively utilized in a biochemical assay and affinity purification due to its unique advantages including signal amplification, high specificity and robust stability \[[@bib18]\]. However, the avidin/biotin system has limited *in vivo* applications due to the following deficiencies. First, avidin may cross-react with endogenous biotin or lectin. Second, biotinylated molecule can bind to endogenous biotin-binding proteins such as eggs or bacteria \[[@bib19]\]. To overcome these limitations, an avidin analogue, streptavidin, derived from *Streptomyces avidinii*, has been exploited as a pretargeting platform. The streptavidin/biotin system has an excellent binding affinity with significantly low non-specific binding \[[@bib20],[@bib21]\]. However it also has limited utility *in vivo* due to streptavidin\'s high affinity to fibronectin and kidney tissue \[[@bib22],[@bib23]\]. In recent years, neutravidin is emerging as an alternative to avidin or streptavidin in avidin/biotin system-based pretargeting platforms \[[@bib24]\]. Neutravidin is a deglycosylated derivative of avidin with an isoelectric point (pI) of \~6.3. The lack of the carbohydrate moieties and thus the nearly neutral pI reduces its nonspecific binding to surface of cells while preserving the high binding affinity with biotin \[[@bib24]\].

Activated macrophages have been used as a biomarker for targeting inflammatory diseases \[[@bib1],[@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31]\]. Since inflammatory macrophages express a higher level of folate receptor (FR), FR has been extensively employed as the targeting site for inflammation diagnosis and treatment \[[@bib32], [@bib33], [@bib34]\]. Ligand-conjugated polymeric micelles which target specific receptors on cells have been developed and applied for many disease diagnosis/treatment. Polymers are an attractive material for drug delivery because they are extraordinarily malleable and moldable for particles' sizes and shapes. Moreover, it can amplify encapsulation of outputs such as drugs or imaging agents \[[@bib35]\], as well as they are biocompatible and biodegradable \[[@bib3]\]. Based on the diverse modality of polymers, polymeric nanoparticles as nanomedicine had been broadly used not only for increasing drugs loading efficiency and tuning the releasing rate but also for prolonged circulation half-life of nanoplatform in circulatory system \[[@bib25],[@bib36]\]. Activated macrophages have been shown to release inflammatory products, including IL-1, TNF-α, and reactive oxygen species \[[@bib34]\] and the treatment of dexamethasone (Dex) has been shown to reduce macrophage activation and inflammatory responses \[[@bib37], [@bib38], [@bib39]\]. Since systemic administration of Dex may lead to impaired wound repair and tissue regeneration \[[@bib40]\], it is generally believed that targeted Dex delivery would produce more favorable healing outcome.

In the present work, we proposed a pretargeting "sandwich" platform to amplify anti-inflammation theragnosis via neutravidin-biotin system as schematically illustrated in [Fig. 1](#fig1){ref-type="fig"}. Specifically, an amphiphilic copolymer, poly(ethylene glycol-b-caprolactone) (PEG-PCL), was conjugated with either biotin or folate in order to prepare two different ligand-conjugated polymeric micelles. These biotinylated- and folate-conjugated optical imaging polymeric micelles (BFMC), pretargeted the activated macrophages at inflammatory sites via folate/FR interactions. After that, neutravidin proteins were delivered to bind with the BFMC via neutravidin/biotin interactions prior to Dex delivery by the second micelles, biotinylated polymeric drug carriers (BMC-Dex). Overall, our results support that the "sandwich" pretargeting platform can be a promising strategy not only for permit inflammatory diagnosis but also for enhance delivery of anti-inflammatory drugs to the inflamed tissues.Fig. 1Schematic illustration of the "sandwich" strategy for diagnosis/treatment for inflammatory diseases. The graphical presentation shows the amplified drug delivery to the inflammation site via neutravidin/biotin system combined with ligands-conjugated amphiphilic micelles.Fig. 1

2. Experimental section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

Amino-terminalized poly(ethylene glycol-b-caprolactone) (NH~2~-PEG-PCL) (M~w~:2200-b-7000) was purchased from Polymer Source Inc.(Dorval, Canada). D-Biotin, folate, avidin, neutravidin and Vybrant DiD cell labeling dye were obtained from Thermo Fisher Scientific (Waltham, MA). Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), dimethyl sulfoxide-d~6~ (DMSO‑*d~6~*), trimethylamine (TEA), tetrahydrofuran (THF), N-hydroxysuccinimide (NHS), N,N′-dicyclohexylcarbodiimide (DCC), folate binding protein (FBP), dexamethasone (Dex), fluorescein (FITC), lipopolysaccharide (LPS), and nile red (NR) were purchased from Sigma-Aldrich (St. Louis, MO). The murine macrophage RAW264.7 cells and murine NIH 3T3 cell line was obtained from the American Type Culture Collection (Rockville, MD, USA). Milli-Q grade deionized water was used through all experiments.

2.2. Conjugation and characterization of ligand-conjugated amphiphilic polymers {#sec2.2}
-------------------------------------------------------------------------------

To prepare folate-conjugated poly(ethylene glycol-b-caprolactone) (abbreviated as F-PEG-PCL), the carboxyl group of folate was initially activated according to a published paper \[[@bib41]\]. Briefly, a 191.9 mg of folate was completely dissolved in 15.0 mL of DMF and stirred in the presence of a 100.0 mg of NHS and a 179.3 mg of DCC overnight at room temperature. After filtering out the byproduct, dicyclohexylurea (DCU), using a gravity filtration with filter papers, the activated folate was mixed with a 200.0 mg of NH~2~-PEG-PCL dissolved in 2.5 mL DMSO followed by adding a 4.5 μL of TEA. The mixture was stirred overnight at room temperature, and then dialyzed against DI water for 48 h (dialysis tubing molecular weight cut-off, MWCO: 2 kD). The crude F-PEG-PCL conjugates were collected after the lyophilization. The dried powders were then re-dissolved in THF and the insoluble free folate was removed using filter papers. The filtrate was dialyzed against DI water again for 5 days to completely remove THF and unreactive free folate. The purified F-PEG-PCL was lyophilized to collect the final dried powders.

To prepare biotin-conjugated PEG-PCL (B-PEG-PCL), the carboxyl groups of biotin were activated as described above. Briefly, a 106.2 mg of biotin was dissolved in 5.0 mL of DMF completely, and then a 100.0 mg of NHS and a 179.3 mg of DCC were added. The activation reaction was preceded overnight at room temperature. Following the filtration of the precipitate with the filter papers, the activated biotin was mixed with 200.0 mg of NH~2~-PEG-PCL dissolved in 2.5 mL of DMSO in the present of 4.5 μL of TEA. The mixture was then reacted overnight at room temperature as described above. Unconjugated biotin was removed by gravity filtration with ice-cold ethanol. The structures of the prepared conjugates, F-PEG-PCL as well as B-PEG-PCL, were determined by ^1^H NMR. Briefly, the conjugated were prepared in DMSO‑*d~6~* at the concentration of 10.0 mg/mL in a 5.0 mm NMR tube. NMR spectra were recorded on a Varian Gemini 2000 spectrometer working at 300 MHz for protons.

2.3. Preparation of fluorophore-loaded micelles {#sec2.3}
-----------------------------------------------

For *in vitro* studies, four different micelles were prepared, three micelles with FITC dye and one micelle with Nile Red dye. First, the FITC labeled- FMC and BMC as well as BFMC, a biotinylated-folate-conjugated (50:50) micelles were prepared followed by an emulsion/solvent evaporation method as described previously \[[@bib42]\]. Briefly, 10.0 mg of either F-PEG-PCL or B-PEG-PCL along with 40.0 μg of FITC was dissolved in 2.0 ml of DMF, and then the mixture was added dropwise to 20.0 mL of DI water while sonicating at speed 5 (Ultrasonic processor XL, Misonix) for 1 min. After evaporating DMF under a gentle stirring for 14 h in a chemical hood, the prepared FMC-FITC (or BMC-FITC) was dialyzed against DI water for 16 h. The FMC-FITC (or BMC-FITC) solution was filtrated using 0.22 μm filters with syringes and then exchanged as well as concentrated with phosphate buffered saline (PBS) via ultrafiltration at 5,000 *g* (MWCO: 3 kD, Millipore, Massachusetts) for 15 min. All samples were kept at 1 mg/mL and 4 °C for later use. The BFMC micelles loaded with either FITC or Nile Red fluorophore (denoted as BFMC-FITC or BFMC-NR) were also prepared. Briefly, 5.0 mg of F-PEG-PCL and 5.0 mg of B-PEG-PCL, along with 40.0 μg of FITC (or Nile Red) were dissolved in 2.0 ml of DMF and the following progress was the same as described above.

The mean particle size and polydispersity index (PDI) of the prepared micelles were obtained by dynamic light scattering (DLS) using Malvern Zeta Sizer (Malvern Panalytical, Malvern, UK), and their morphologies were observed by high-resolution transmission electron microscopy, (HRTEM, H-9500, Hitachi, Japan). Additionally, Vybrant DiD-loaded micelles (BMC-DiD and FMC-DiD) were prepared for pretargeting study *in vivo* (200.0 μg of DiD was loaded for 10.0 mg of polymer conjugates.)

2.4. *In vitro* targeting of the fluorophore-loaded micelles to folate binding protein {#sec2.4}
--------------------------------------------------------------------------------------

Targeting abilities of the prepared micelles (FMC-FITC, BMC-FITC, BFMC-FITC) to folate binding protein (FBP) were tested *in vitro*. FBP-coated Teflon disks (polytetrafluoroethylene, PFTE disks) were prepared as described before \[[@bib43]\]. Briefly, PFTE disks with a diameter of 15 mm were rinsed with PBS solution and then dried in air. Then, 10.0 μL of FBP solution in PBS (0.24 μg/mL) was dropped on each of the PFTE disk and allowed to dry completely at 4.0 °C. To investigate the role of folate on micelle targeting, blocked FBPs with a 10.0 μl of folate solutions (concentration 3 and 30 μg/mL) were also prepared prior to the addition of the micelle\'s dispersions. Then, 10.0 μL of each prepared micelle (FMC-FITC, BMC-FITC and BFMC-FITC) were dropped on the top of the FBPs, and incubated for 30 min at room temperature. After a brief wash with PBS, fluorescent images of the targeted micelles to FBP were captured under a fluorescence microscope (Leica Microsystem GmbH, Wetzlar, Germany) combined with a Retiga-EXi CCD camera (QImaging, Surrey, BC, Canada) and intensities were processed via ImageJ software.

Second, a neutravidin-coated 96 well Nunc plate (Thermo Fisher Scientific, Grand Island, NY) was rinsed three times with a wash buffer containing 0.05% of Tween 20 in PBS. Then 200 μL of the prepared micelles (BMC-FITC, BFMC-FITC and FMC-FITC) were loaded into the wells. After incubation for 30 min at room temperature, the wells were washed triplicate with ash buffer to remove the unbound micelles prior to fluorescent intensity measurement. Furthermore, a set of competition experiments were carried out to investigate the biotin\'s role. For that, prior to the addition of the micelles, the free biotin with different concentrations (3 and 30 μg/mL) were incubated in the neutravidin-coated wells for 30 min. Fluorescent signals were recorded using a Tecan Infinite® 200 PRO microplate reader (Männedorf, Switzerland) with excitation at 470 nm and emission at 520 nm, respectively.

2.5. Evaluation of "sandwich" pretargeting platform *In vitro* {#sec2.5}
--------------------------------------------------------------

To confirm efficacy of a newly developed "sandwich" platform, targeting studies of the platform to inflammatory cells were performed *in vitro*. Mouse macrophage RAW264.7 cells (MΦs) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal calf serum (Invitrogen, Carlsbad, CA) and 100 U/mL penicillin as well as 100 μg/mL streptomycin (Gibco, Waltham, MA) at 37 °C in a humidified 5% CO~2~ incubator. MΦs were activated by culturing in the presence of 1 μg/mL of lipopolysaccharide (LPS, from *Escherichia coli*, Sigma, St Louis MO) overnight according to the previous publication \[[@bib44]\].

First of all, for the "sandwich" pretargeting approach, the activated MΦs were first incubated with BFMC-NR (0.1 mg/mL) at 37 °C for 30 min (the first step-pretargeting), and then cultured for 30 min after addition of 0.1 mg/mL of neutravidin (the second step-bridging). The last incubation was in the presence of BMC-FITC (0.1 mg/mL) for another 30 min (the third step-drug delivery). Four different control groups were designed to investigate the roles of each step of the platform. The MΦs were washed after each step in PBS. Second, the "traditional" direct targeting method without applying the nanoplatform was also performed under the same condition. Briefly, the same amount of activated MΦs were incubated with FMC-FITC (0.1 mg/mL) for 30 min and washed on the same way. Fluorescence images of the targeted micelles to the MΦs were recorded using the fluorescent microscopy (Leica Microsystem GmbH, Wetzlar, Germany) combined with a Retiga-EXi CCD camera (QImaging, Surrey, BC, Canada). Additionally, suspended activated MΦs were also prepared for performing the same targeting study and quantifying the data using a Tecan Infinite® 200 PRO microplate reader (Männedorf, Switzerland). The suspended MΦs targeting study were performed with the same protocols above.

2.6. Preparation and characterization of an DEX-Loaded amphiphilic micelles {#sec2.6}
---------------------------------------------------------------------------

To investigate the therapeutic efficiency of the "sandwich" platform *in vivo*, an anti-inflammatory drug -Dex, Dex loaded-BMC and FMC micelles (denoted as BMC-Dex and FMC-Dex) were prepared according to a published method \[[@bib45]\]. Briefly, 0.5 mg of Dex along with 10.0 mg of either F-PEG-PCL or B-PEG-PCL was dissolved in 2.0 ml of DMF completely. It was then dropped into a 20.0 ml of DI water while sonicating for 1 min. The mixture was then magnetically stirred for 14 h under a chemical hood to evaporate the organic solvent. The prepared micelle solutions were filtered using 0.22 μm filters with syringes. Finally, the purified FMC-Dex or BMC-Dex solutions were exchanged their media with PBS buffer via ultrafiltration (MWCO: 100 kD, Millipore, Massachusetts, USA) at 5,000 rpm for further use. The filtrates throughout the filters were all collected for measuring the actual drug loading efficiencies of the micelles. The amounts of free Dex in the filtrates were calculated by measuring absorbance at 242 nm using UV--Vis spectrophotometer (Model \#8453, Agilent Technologies, Cary, North Carolina) so that the final amounts of entrapped Dex in FMC-Dex and BMC-Dex could be calculated. Encapsulation efficiency (EE %) (Equation [(1)](#fd1){ref-type="disp-formula"}.) and drug loading (DL %) (Equation [(2)](#fd2){ref-type="disp-formula"}.) were calculated using the formulas below.$$Encapsulation\ Efficiency\ {(\%)} = \ \frac{Weight\ of\ Dex\ \ in\ micelles}{Weight\ of\ total\ feeding\ Dex} \times 100\%$$$$Drug\ Loading\ {(\%)} = \ \frac{Weight\ of\ encapsulated\ Dex\ in\ micelles}{Weight\ of\ total\ micelles} \times 100\%$$

2.7. *In vitro* characterization of the release kinetic of Dex from amphiphilic micelles {#sec2.7}
----------------------------------------------------------------------------------------

A dialysis method was employed for assessing the drug release property of drug-loaded amphiphilic micelles as described earlier \[[@bib46]\]. Briefly, 1 mL of each FMC-Dex or BMC-Dex in PBS as well as a 1 mL of free Dex in a PBS/DMSO (55:45 vol %) mixture were prepared in dialysis tubes (MWCO: 3.5--5 kD) separately. Those samples were incubated in 50 ml tubes with 5.0 mL of PBS (pH 7.4) at 37 °C as physiological media while shaking at 50 rpm in an incubator/shaker. 1 mL of Dex free micelles, FMC and BMC, were also prepared as control groups at the same condition. An aliquot 300 μL of the dialysate was collected from each sample at the set time points (10, 20 and 40 min, following 1, 2, 4, 6, 12, 24, 48, 72 and 80 h), and the same volume of pre-warmed PBS (pH 7.4) was refilled to maintain the total volume (5.0 mL) of dialysate. Absorbance of all the collected dialysates was measured at wavelength 242 nm using a UV--Vis spectrophotometer. The releasing rates of Dex were determined by measuring the absorbance of dialysates from each FMC-Dex or BMC-Dex as well as free Dex. The Absorbances of FMC or BMC was subtracted from the absorbance of FMC-Dex or BMC-Dex, respectively, to calculate amounts of released Dex only. The release experiment was carried out in triplicate.

2.8. *In vivo* therapeutic efficacy of the "sandwich" pretargeting platform {#sec2.8}
---------------------------------------------------------------------------

The therapeutic efficacy of the "sandwich" pretargeting platform to inflammation was evaluated using an implant-associated animal model as described in the previous publication \[[@bib44]\]. All animal experiment protocols were approved by Animal Care and Use Committee of the UTA. In brief, 100.0 μL of the PLGA micron dispersions (60 mg/mL) were subcutaneously injected into the dorsal of Balb/C mouse (25 g body weight) obtained from The Jackson Laboratory (Bar Harbor, ME) to induce localized inflammatory responses. After 12 h of the implantations, a 1.0 mg of avidin was injected into each mouse in order to block the endogenous biotin in mouse 24 h prior to the treatments. The animals were then divided into four different groups; two control groups, either saline or free Dex injection group, and the "traditional" direct targeting approach as well as the "sandwich" pretargeting approach ([Figure S1](#fig1){ref-type="fig"}.). At step 1, 36 h after the implantation, the pretargeting agent, BFMC (concentration 1 mg/mL), was intraperitoneally administrated into mice for the "sandwich" group. At step 2, 4 h after the BFMC, neutravidin protein (concentration 1 mg/mL), served as an amplifying bridge, was administered intraperitoneally. Finally, at step 3, 4 h after the bridge, a mixture of BMC-Dex and BMC-DiD (the final concentration 1 mg/mL) were intravenously injected into mice. For the other three groups, a free DiD in saline, a free Dex along with DiD, or a mixture of FMC-Dex and FMC-DiD were injected, respectively. The enhancing effect of the new nanoplatform to target inflammatory site was monitored up to 7 days post-implantation using Kodak In-Vivo Imaging System FX Pro (Carestream Health Inc., New Haven, CT, USA). Three control groups were also performed with saline, free Dex and FMC-Dex injections, respectively. At the end of the study, implants and surrounding tissues were isolated and frozen sectioned. The tissue sections were subject to H&E and CD11b immunohistochemistry staining \[[@bib44],[@bib47]\]. The histology images were taken utilizing a Leica fluorescence microscope (Leica Microsystem GmbH, Wetzlar, Germany) combined with a Retiga-EXi CCD camera (QImaging, Surrey, BC, Canada). Cell number was calibrated and quantified using ImageJ software.

2.9. Statistical analysis {#sec2.9}
-------------------------

All data was expressed as mean ± standard deviation. Significance was determined using either independent student t-test for the two independent groups or one-way analysis of variance (ANOVA) for the multi-groups. *P* values \< 0.01 or 0.05 were considered statistically significant. At least triplicate tests were conducted for all statistical analysis.

3. Results {#sec3}
==========

3.1. Characterization of the prepared folate- or biotin-conjugated copolymers {#sec3.1}
-----------------------------------------------------------------------------

To prepare the polymeric micelles, we first conjugated folate or biotin on PEG-PCL copolymers separately using a carbodiimide coupling chemistry that was characterized using ^1^H NMR. The characteristic peaks of PEG blocks (methane group at 3.65 ppm) and PCL blocks (methane group at 2.25 ppm) were first observed in free PEG-PCL copolymer. ([Fig. 2](#fig2){ref-type="fig"}A.). For folate-conjugated polymer, F-PEG-PCL, the ^1^H NMR measurement showed the characteristic resonances of folate at 4.28, 4.51, 6.68, 7.66 and 8.64 ppm ([Fig. 2](#fig2){ref-type="fig"}B.) and the expanded peaks indicate the successful conjugation of folate into the PEG-PCL \[[@bib41]\]. For biotin-conjugated polymer, B-PEG-PCL, biotin group was identified through two characteristic peaks which can be identified through the methane protons (a~1~ and a~2~) at 4.28 and 4.3 ppm ([Fig. 2](#fig2){ref-type="fig"}C.) \[[@bib48]\]. The results support that biotin was successfully conjugated into PEG-PCL.Fig. 2^1^H NMR spectra of **A)** amino-terminalized poly(ethylene glycol-b-caprolactone) copolymers (NH~2~-PEG2.2k-b-PCL7k), **B)** folate-conjugated copolymers (F-PEG-PCL) and **C)** biotin-conjugated copolymers (B-PEG-PCL) in DMSO‑*d~6~*. The expanded peaks "a" to "f" indicate the successful conjugations of the ligands on the block copolymers.Fig. 2

The conjugated polymers were then self-assembled into the micelles as a pretargeting/diagnostic agents or drug carriers. To investigate their ability to target folate receptors, fluorophores loaded folate-conjugated (FMC), biotin-conjugated (BMC) as well as both folate- and biotin-conjugated (BFMC) micelles were prepared by the self-assembly method. Dynamic light scattering (DLS) measurement showed that these prepared micelles were relatively monodispersed, and the average sizes of each micelle in diameters were 109.0 ± 48.4, 153.8 ± 87.8 and 156.1 ± 84.6 nm for BMC-FITC, BFMC-FITC and FMC-FITC, respectively ([Fig. 3](#fig3){ref-type="fig"}.). The polydispersity index (PDI) was 0.125, 0.326, and 0.294, and zeta potential of the polymeric micelles was −15.65 ± 3.64 mV, −12.86 ± 5.21 mV and −12.67 ± 3.89 mV for BMC-FITC, BFMC-FITC and FMC-FITC, respectively. These micelle\'s colloidal stabilities in DI water were determined by monitoring the changes of particle sizes over time (up to 4 days). One can observe that BMC micelle has no significant changes, indicating that it is colloidally stable in water. On the other hand, the size of FMC micelles increases with the progression of time, causing probably by aggregation of the micelles. Further, the incorporation of B-PEG-PCL reduces aggregation of BFMC micelles ([Figure S1](#fig1){ref-type="fig"}). Further, the HRTEM images confirmed homogeneous and round-shaped morphology of the micelles in spite of a slight reduction of particle size due to dehydration during the process of sample preparation ([Fig. 3](#fig3){ref-type="fig"}., inserts). These prepared micelles were employed for next binding studies.Fig. 3Dynamic Light Scattering (DLS) measurements are demonstrating the size and polydispersities of each fluorescence dye-labeled amphiphilic micelle; **A)** BMC-FITC (109.0 ± 48.4 nm), **B)** BFMC-FITC (153.8 ± 87.8 nm) and **C)** FMC-FITC (156.1 ± 84.6 nm). Inserts: HRTEM images are illustrating that prepared micelles form spherical shapes. (Scale bar = 200 nm).Fig. 3

3.2. *In vitro* binding study of the prepared micelles to folate binding protein {#sec3.2}
--------------------------------------------------------------------------------

The binding affinities of the prepared FITC-loaded BMC, BFMC and FMC micelles to folate binding protein (FBP) was determined after the 30-minute incubation at room temperature. After incubated with BMC-FITC, we found no detectable fluorescent signal on FBP coated disks. On the other hand, after incubated with FMC-FITC or BFMC-FITC, bright green colors were observed on FBP-coated disks, indicating the strong interaction of those two micelles with FBP ([Fig. 4](#fig4){ref-type="fig"}A.). These results suggest that the BMC has little or no affinity to FBP-coated disks. Quantification analysis showed that compared to BMC, there were approximate 8- and 6-fold fluorescent intensities for FMC and BFMC, respectively. In addition, the incorporation of biotin group into BFMC only was observed to have a slight interference to binding ability to FBP (\~27% reduction compared to FMC-FITC). To further confirm the role of folate ligands on the interaction of the micelles with FBP, a set of competition experiments was conducted in which the FBP-coated disks were incubated with the free folate prior to addition of the micelles. The results indicated that with increasing amount of free folate, the intensity of the fluorescent signal decreased ([Fig. 4](#fig4){ref-type="fig"}B.). These results support that the binding of the micelles to FBP is folate specific as well as folate concentration dependent.Fig. 4*In vitro* binding affinity of amphiphilic micelles to folate binding protein (FBP) was determined. **A)** Folate conjugated micelles (FMC) and biotin-conjugated and folate conjugated micelles (BFMC) bind 8- and 6- fold more to folate binding protein (FBP) than biotinylated micelle (BMC), respectively. **B)** FBP was blocked with free folate prior to incubate with the micelles. Targeting affinity of FMC and BFMC to FBP was 2.3- and 3.9-fold reduced with 3.0 μg of folate blocking, respectively. This blocking study shows that free folate reduces the micelles accumulation on FBP in a dose dependent fashion. Data are mean ± standard deviation (n = 3, ANOVA, \*\*p \< 0.01 and \*p \< 0.05).Fig. 4

3.3. *In vitro* binding study of the prepared micelles to neutravidin {#sec3.3}
---------------------------------------------------------------------

Using neutravidin-coated well plates, we investigated the ability of the biotinylated micelle, BMC to interact with neutravidin by measurement of fluorescence intensities using a microplate reader \[[@bib49]\]. As shown in [Fig. 5](#fig5){ref-type="fig"}A., there were fluorescent signals from wells treated with BMC-FITC and BFMC-FITC while there was a very weak signal associated with FMC-FITC-treated wells. Compared to FMC-FITC treatment, there were approximately 9-fold and 3-fold increases in fluorescent intensities with BMC-FITC and BFMC-FITC treatment, respectively. These results support a strong interaction of biotin presenting in micelles with neutravidin. To validate the binding specificity between biotinylated micelles and neutravidin, competition experiments were conducted in which different concentrations of free biotin were added into the culture media prior to the incubation with micelles ([Fig. 5](#fig5){ref-type="fig"}B.). It showed that fluorescent intensities decreased gradually as the amount of free biotin increased. These results support the indispensable role of the biotin in binding of the micelles to neutravidin. In addition, we find the prepared micelles are cell compatible, since the micelles (FMC/BFMC/BMC) have no significantly toxicity to 3T3 fibroblasts up to 1 mg/ml ([Figure S2](#fig2){ref-type="fig"}).Fig. 5*In vitro* study was carried out to determine the binding affinity of micelles to neutravidin coated wells. **A)***In vitro* binding study between ligand-conjugated micelles and neutravidin concludes that biotin-conjugated micelle (BMC) and biotin- and folate-conjugated micelles (BFMC) binds 8.7- and 3- fold more to neutravidin than folate-conjugated micelle (FMC), respectively. **B)** Blocking study shows that free biotin reduces the micelle accumulation on neutravidin coated surface in a dose dependent fashion. Targeting affinity of BMC and BFMC to neutravidin was 14.5- and 11.3-fold reduced with 3.0 μg of biotin blocking, respectively. Data are mean ± standard deviation (n = 3, ANOVA, \*\*p \< 0.01).Fig. 5

3.4. *In vitro* assessment of the "sandwich" platform to target activated macrophages {#sec3.4}
-------------------------------------------------------------------------------------

To further evaluate the effect of the new nanoplatform to target macrophages (MΦs), two different fluorophores-loaded micelles were used; BFMC-NR for the pretargeting step and the BMC-FITC for the following amplifying step. In [Fig. 6](#fig6){ref-type="fig"}A. & 6.B., the pretargeting platform significantly increased the accumulation of BMC on activated MΦs (the strong FITC signal). On the other hand, one can observe that, without either BFMC-NR treatment (Control 1) or BFMC-NR and neutravidin (Control 2) treatment, the accumulation of BMC on the activated MΦs was significantly reduced (very weak FITC signals). Meanwhile, the strong NR signals without the bridge, neutravidin, (Control 3) showed that BFMC was able to bind to the activated MΦs via interactions between folate of BFMC and folate receptor on MΦs. However, the lack of neutravidin treatment prevented BMC from accumulating on macrophages. The quantified data (in [Fig. 6](#fig6){ref-type="fig"}C.) performed with prepared suspended MΦs confirmed that the effective bio-recognition between folate and its receptor on activated MΦs, as well as the biotin and neutravidin interaction, played an important role on achievement and enhancement of the micelle homing to MΦs (the enhanced FITC fluorescent signals).Fig. 6*In vitro* macrophages targeting study of the new "sandwich" strategy. **A)** Activated macrophages were cultured and treated with four different groups and then the fluorescent images were captured under a fluorescent microscope. (Control 1: neutravidin + BMC-FITC (no step 1); Control 2: BMC-FITC (no step 1 and 2); Control 3: BFMC-NR + BMC-FITC (no step 2) and New Platform: the macrophages were treated sequentially with BFMC-NR (step 1), neutravidin (step 2) and BMC-FITC (step 3)) The fluorescent images show the strong signals of targeted BMC on macrophages via "sandwich" platform (Scale bar = 50 μm). **C)** The quantitative data shows the targeting ability of the new platform on suspended macrophages. Data are mean ± standard deviation (n = 3, ANOVA, \*\*p \< 0.01).Fig. 6

The amplifying signal of the pretargeting platform (sandwich approach) was then compared to a direct targeting method (traditional approach) ([Fig. 7](#fig7){ref-type="fig"}A.). Fluorescent signals could still be observed with the direct targeting approach. However, once the same activated macrophages were treated with the sandwich approach, the fluorescent signal was significantly amplified. The quantitative analysis ([Fig. 7](#fig7){ref-type="fig"}B.) also showed an approximate 3.5-fold amplifying in fluorescent intensity compared to the direct targeting approach. These *in vitro* MΦs targeting studies had confirmed that the new pretargeting platform allowed more micelles to accumulate on the activated MΦs than the direct targeting approach via folate/folate receptor and biotin/neutravidin interactions. Therefore, the strategy may be used to improve the efficiency of drug delivery to inflammatory sites.Fig. 7The new "sandwich" pretargeting strategy emphasized 3.5 times more of the targeting efficacy to macrophages than the "traditional" direct targeting strategy. To show that, here two series of macrophage-targeting experiments were carried out. 1) FMC-FITC for the "traditional" approach and 2) BFMC-NR + neutravidin + BMC-FITC for the "sandwich" platform. **A)** Fluorescent microscope images show the amplified signals on macrophages with the second group (Scale bar = 40 μm). **B)** The quantitative data shows amplified BMC accumulation on suspended macrophages compared to the direct targeting approach. Data are mean ± standard deviation (n = 3, ANOVA, \*\*p \< 0.01).Fig. 7

3.5. *In vitro* dex release study of the amphiphilic micelles {#sec3.5}
-------------------------------------------------------------

Dexamethasone was loaded into BMC and FMC micelles. Encapsulation efficiency (EE %) was calculated to 61 and 79% while drug loading (DL%) was estimated to 1.8 and 1.2% for BMC and FMC, respectively. *In vitro* release study showed that free Dex was released really fast with up to 98% release over the first 6 h ([Fig. 8](#fig8){ref-type="fig"}). On the other hand, approximately 66 and 62% of Dex were released from FMC and MMC micelles in 84 h, respectively. Our results are similar to those of the previous study \[[@bib45]\], suggesting that the Dex loaded micelles can slow down the release of Dex at a physiological environment.Fig. 8Drug release properties of variously prepared amphiphilic micelles. *In vitro* release profiles of free Dex as well as Dex from the prepared three different micelles. Most of the free Dex (98%) was released out within the first 6 h but 66% and 62% of Dex only from FMC and BMC were released in 84 h, respectively.Fig. 8

3.6. *In vivo* evaluation of efficacy of the new nanoplatform on treating inflammation {#sec3.6}
--------------------------------------------------------------------------------------

Finally, the efficiency of the pretargeting platform to amplify drug delivery and to reduce inflammatory responses was assessed using a murine subcutaneous inflammatory response model. For that, subcutaneous and localized inflammatory responses were induced by implantation of poly-lactic acid particles. After implantation for 36 h which is the optimal time to trigger the accumulation of inflammatory cells at the implantation site, animals were treated with either the traditional or the sandwich approaches by following a time line as depicted in [Figure S3](#fig3){ref-type="fig"}. By analyzing the fluorescent intensities at the implant site ([Figure S4](#fig4){ref-type="fig"}), we found that, as anticipated, pretargeting platform delivered the highest number of the drug carriers, BMC, to the inflamed tissue sites up to 7 days ([Fig. 9](#fig9){ref-type="fig"}A.). It is estimated that the number of Dex-loaded BMC delivered by the pretargeting approach is \~1.5 folds of those by the traditional approach. The enhanced delivery of Dex-loaded micelles was confirmed by histological analyses. Finally, histology analyses on the extent of inflammatory responses at the implant sites also revealed that the pretargeting approach has led to signification reduction (56.5%) of CD11b + inflammatory cells by compared with the traditional approach ([Fig. 9](#fig9){ref-type="fig"}B.). The overall results support the overall design criteria of the new pretargeting approach, as it significantly improves targeted drug delivery and amplifies the anti-inflammatory efficacy of Dex-loaded micelles.Fig. 9Theranostics efficiency of the "sandwich" platform *in vivo* was assessed by measuring signals of targeted imaging agents as well as counting CD11b + inflammatory cells at the inflammation sites. **A)** The fluorescent intensities at the implantation sites were recorded at different time points up to 7 days post-implantation. The "sandwich" pretargeting platform amplified 1.5-fold of drug delivery rate than the direct delivery. Data are mean ± standard deviation (n = 3, ANOVA, \*p \< 0.05). **B)** Densities of cells (H&E staining) and CD11b + inflammatory cells at the inflamed sites were quantified histologically at 7 days post-implantation. The data shows 56.5% reduction of the number of CD11b + inflammatory cells in implantation sites. Data are mean ± standard deviation (n = 3, ANOVA, \*p \< 0.05) and the scale bar indicates 50 μm.Fig. 9

4. Discussion and conclusions {#sec4}
=============================

Although avidin/biotin system has been widely investigated as pretargeting platforms for tumor theragnosis \[[@bib49],[@bib50]\], little effort has been made to explore the potential of using the same strategy to treat inflammatory diseases. To find the answer, a novel pretargeting nanoplatform via neutravidin/biotin system was designed to target activated macrophages infiltrated in inflammatory diseases for theranostic purposes. Neutravidin is used here because the absence of the carbohydrate moieties makes it slightly acidic (pI: \~6.3), enabling prevention of its nonspecific binding to cell surfaces and proteins \[[@bib19]\]. The temporarily separated three steps strategy was designed with two different surface-engineered micelles and a protein as a bridge between them. Briefly, Step 1: folate- and biotin-conjugated polymeric micelles were designed to target folate receptor which are highly expressed on activated MΦs. Step 2: neutravidin protein is employed as a bridge for amplifying accumulation of drug-loaded cargos. Step 3: biotinylated micelles, which caged an anti-inflammatory drug, enhanced accumulation at the inflammatory sites by attaching to neutravidin protein.

To test the hypothesis, PEG-PCL copolymer were employed to prepare micelles due to its controlled biodegradability and high biocompatibility \[[@bib45]\]. Folate- or biotin-conjugated polymers as well as polymeric micelles were successfully prepared. The following *in vitro and in vivo* studies confirmed that the new nanoplatform is a promising anti-inflammatory drug delivery system for targeting activated macrophages and amplifying anti-inflammatory responses. It is well documented that the activated macrophage is a biomarker of inflammation, and folate receptors are upregulated on surfaces of these activated macrophages \[[@bib34],[@bib51]\]. Activated macrophages (up-regulating folate receptor) experiments show that compared to the traditional direct targeting method, the pretargeting platform can significantly improve the micelles homing to the activated macrophages. Since occurrence of the inflammatory lesion triggers macrophage infiltration and activation, the activated macrophages can be used as a target for delivery of imaging reporter/drug. Our drug delivery strategy may be further explored for the treatment of the other diseases. For example, via replacing folate ligand with amino-terminal peptide encompassing amino acids 2--26 (Ac2-26), the delivery system may be used to deliver imaging agent or drug to the vascular injured/inflammatory sites by targeting the exposed Collagen IV.

In short, the neutravidin/biotin integrated pretargeting "sandwich" platform was successfully prepared. Both *in vitro* and *in vivo* testing confirmed that the pretargeting platform can effectively detect inflamed tissue via fluorescent imaging first, and then amplify the delivery of anti-inflammatory drug (Dex) at an inflammatory site. The pretargeting nanoplatform may be further developed so that it becomes spatiotemporal control platform for intractable diseases at right moment, right place and right dose for personalized inflammatory diseases treatment. Finally, the pretargeting platform can easily be modified for treating different inflammatory diseases or other illnesses.
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